I. Introduction
===============

Hepatoid adenocarcinoma (HAC) is a rare, aggressive cancer that is characterized by hepatic differentiation and alpha-fetoprotein (AFP) production \[[@B19]\]. Most cases occur in the stomach, but HAC is also found in the lung, pancreas, esophagus, ampulla of Vater, colon, urinary bladder, renal pelvis, ovary, and cervix \[[@B31], [@B34]\]. Clinically, HAC shows aggressive progression and a strong tendency to metastasize to lymph nodes and liver; and AFP production promotes neovascularization, high proliferative activity, and inhibition of apoptosis, which contribute to the poor prognosis \[[@B20], [@B33]\]. A recent meta-analysis found a 3-year survival rate of 7.36% and a median survival time of 10 months, indicating a poor prognosis \[[@B25]\]. Currently, treatment for HAC is surgical resection followed by adjuvant chemotherapy; however, the efficacy is poor \[[@B13], [@B29]\]. There are no standard treatment guidelines for HAC and development of a new treatment strategy is required.

Both genetic and epigenetic changes, including DNA methylation and histone modification, play essential roles in initiation and progression of HAC \[[@B7]\]. Post-translational modifications of histones regulate gene expression through methylation, acetylation, phosphorylation, and ubiquitination. Histone acetylation and deacetylation, which affect gene expression through changes in chromatin structure, are regulated by histone acetyltransferase and histone deacetylase (HDAC) enzymes \[[@B12]\]. Histone acetyltransferases promote transcriptional activity through addition of acetyl groups to lysine residues of histones \[[@B10]\], whereas HDAC removes acetyl groups from lysine, resulting in chromatin condensation and transcriptional repression \[[@B26]\]. Overexpression of HDACs is found in various cancers, and inhibition of HDAC activity is a promising strategy for cancer therapy \[[@B6], [@B38]\]. Thus, HDAC inhibitors are emerging as a new class of anticancer drugs \[[@B10]\]. These inhibitors increase acetylation of histones, leading to an open chromatin structure that allows access of DNA-targeted agents such as cisplatin, and also induce cell cycle arrest, apoptosis, and reactivation of epigenetically silenced tumor suppressor genes \[[@B11], [@B18], [@B28]\]. The HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA), was recently used to treat patients with relapsed cutaneous T-cell lymphoma, and has synergistic effects when combined with chemotherapeutic drugs, such as cisplatin \[[@B1], [@B24]\]. Epigenetic changes such as altered histone acetylation occur in AFP-producing cancers, which suggests that HAC could be treated with SAHA \[[@B36]\]. However, the effects of SAHA in HAC are largely unknown.

In this study, we investigated the effects of a combination of cisplatin and SAHA in VAT-39 cells, a newly established HAC cell line \[[@B33]\]. Cell viability and apoptosis were examined by MTT assay, flow cytometry, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Expression of Bax, Bcl-2, cleaved caspase-3 and AFP were examined by immunohistochemistry and western blotting. The study revealed that cisplatin and SAHA have a synergistic anticancer effect involving induction of apoptosis and may be an effective treatment combination for HAC.

II. Materials and Methods
=========================

Cell culture
------------

VAT-39 human HAC cells from the ampulla of Vater \[[@B33]\] were maintained in Dulbecco's Modified Eagle's Medium with L-glutamine and phenol red (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan). The medium was supplemented with 10% (v/v) heat-inactivated fetal bovine serum and penicillin-streptomycin-amphotericin B in a humidified atmosphere containing 5% CO~2~ at 37°C.

Cell viability assay
--------------------

Cell viability was determined by MTT assay. VAT-39 cells were plated at a density of 3 × 10^3^ cells/well in a 96-well plate for 48 hr at 37°C. The cells were then treated with cisplatin (2 or 5 μM) (Sigma-Aldrich, St. Louis, MO, USA) or SAHA (1 or 2 μM) (TCI, Tokyo, Japan) alone or with a combination of cisplatin and SAHA for 48 hr. MTT solution (5 mg/ml) (Nacalai Tesque Inc., Kyoto, Japan) was added to each well, and then the cells were incubated at 37°C for 2 hr. After removal of the MTT reagent, dimethyl sulfoxide was used to dissolve the formazan crystals. The resulting intracellular purple formazan was quantified with a spectrophotometer at an absorbance of 562 nm using an Immuno Mini NJ-2300 microplate reader (Nalge Nunc Int. Co. Ltd., Tokyo, Japan).

Immunohistochemistry
--------------------

Immunohistochemistry was performed as reported previously \[[@B2], [@B5]\]. Cells were seeded on coverslips in 12-well plates at a density of 1 × 10^5^ cells/well. After incubation with 5 μM cisplatin and 2 μM SAHA for 48 hr, the cells were washed with PBS, fixed with 4% paraformaldehyde in PBS for 15 min, and permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature. Cellular endogenous peroxidase activity was blocked with 0.3% H~2~O~2~ in methanol for 30 min, and nonspecific binding sites were blocked by incubation with 500 μg/ml normal goat IgG in 1% BSA/PBS for 60 min. Cells were incubated with primary antibody for 2 hr and washed in 0.075% Brij/PBS. For H3S10 (\#9708, 1:100 diluted, Cell Signaling Technology, Danvers, MA, USA) staining, cell nuclei were counterstained with DAPI (Thermo Fisher Scientific, Waltham, MA, USA) \[[@B4]\]. For cleaved caspase-3 (\#9664, 1:100 diluted, Cell Signaling Technology) and AFP (N1501, 1:20 diluted, Dako, Glostrup, Denmark), cells were incubated with HRP-conjugated goat anti-rabbit IgG (Dako) for 1 hr and washed with 0.075% Brij/PBS. After visualization with 3-amino-9-ethylcarbazole (Nichirei, Tokyo, Japan), cell nuclei were counterstained with hematoxylin \[[@B35]\]. As a negative control, normal rabbit IgG (Dako) was used at the same concentration instead of the primary antibodies in each experiment. Images were captured with an Olympus microscope (BX53, Tokyo, Japan).

Western blotting
----------------

Total cell lysates were prepared using hot sodium dodecyl sulfate (SDS) buffer containing 0.9% SDS, 15 mM EDTA, 8 mM unlabeled methionine, and a protease inhibitor cocktail. Lysates were boiled for 10 min, cooled, diluted in 0.3% SDS, adjusted to contain 33 mM Tris/acetate, pH 8.5, and 1.7% Triton X-100, and sonicated using a Bioruptor (Cosmo Bio Inc., Tokyo, Japan) \[[@B8]\]. Lysates were centrifuged at 15,000 rpm for 20 min at 4°C. The protein concentration was determined using a Pierce BCA protein assay kit (Thermo Fisher Scientific). Equal amounts of protein were mixed with loading buffer (0.2 M Tris-HCl, pH 8.0, 0.5 M sucrose, 5 mM EDTA, 0.01% bromophenol blue, 10% 2-mercaptoethanol, and 2.5% SDS), boiled for 5 min, separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% nonfat skim milk in Tris-buffered saline with 0.1% Tween 20 (TBST; 20 mM Tris buffer, pH 7.6, and 150 mM NaCl) for 1 hr at room temperature and then incubated overnight with primary antibody against Bcl-2 (N-19, 1:500), Bax (B-9, 1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), H3K9ac, H3K14ac, H3K18ac, H3K27ac (1:1,000), cleaved caspase-3 (1:500, Cell Signaling Technology), or β-actin (AC-15, 1:400,000 diluted, Sigma-Aldrich). The membranes were washed with TBST and incubated with HRP-conjugated goat anti-rabbit IgG (1:5,000) or HRP-conjugated goat anti-mouse IgG (1:5,000, Dako) at room temperature for 1 hr. Protein bands were detected using EZ west Lumi plus (Atto, Tokyo, Japan), and bands were measured using Image Quant TL software (GE Healthcare, Buckinghamshire, UK).

Flow cytometry
--------------

Cells were incubated with annexin V-FITC (Nacalai Tesque) and propidium iodide (PI) at room temperature for 15 min \[[@B22]\]. Apoptotic cells were analyzed by flow cytometry using a FACSCalibur (BD Biosciences, San Jose, CA, USA).

TUNEL assay
-----------

Apoptotic cells were detected with the a Mebstain apoptosis TUNEL kit direct (8445; Medical and Biological Laboratories, Nagoya, Japan). Briefly, cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 in PBS. The TUNEL reaction was performed for 1 hr at 37°C. Nuclei were counterstained with DAPI. Images were captured with a Zeiss LSM700 microscope (Zeiss, Jena, Germany).

Measurement of AFP concentration in culture medium
--------------------------------------------------

Culture medium was harvested at 48 hr, and the AFP concentration was measured with an Architect AFP assay using an Architecto i200SR (Abbott, Chiba, Japan) \[[@B33]\].

Quantitative analysis
---------------------

For quantitative analysis of histone H3S10 and cleaved caspase-3, at least 2,000 cells were counted in random fields. Results are shown as the percentage of positive cells per total number of counted cells.

Statistical analysis
--------------------

All analyses were performed with SPSS ver. 20 (SPSS Inc., Chicago, IL, USA). Data are shown as mean ± standard deviation (SD) from three independent experiments. Differences between groups were assessed by Student *t*-test. *P* \< 0.05 was considered to be statistically significant.

III. Results
============

Cisplatin in combination with SAHA strongly inhibits cell proliferation in VAT-39 cells
---------------------------------------------------------------------------------------

Cell viability was examined by MTT assay to evaluate the antiproliferative effects of cisplatin and SAHA. Both drugs significantly decreased VAT-39 cell viability in a dose-dependent manner. Importantly, cisplatin in combination with SAHA decreased cell viability more efficiently than either treatment alone. Combinations of 2 μM cisplatin and 1 μM SAHA ([Fig. 1](#F1){ref-type="fig"}A) and 5 μM cisplatin and 2 μM SAHA ([Fig. 1](#F1){ref-type="fig"}B) decreased cell viability by 21.0 ± 6.5% and 43.9 ± 4.0%, respectively. Phosphorylated H3S10, a marker of cell mitosis, was also significantly decreased following combined treatment with cisplatin and SAHA compared to either treatment alone ([Fig. 1](#F1){ref-type="fig"}C, D). These results indicate that cisplatin and SAHA have a synergistic effect in inhibiting proliferation of VAT-39 cells.

SAHA increases histone H3 acetylation in VAT-39 cells
-----------------------------------------------------

Transcriptional activation of genes is associated with acetylation of histone H3K9, H3K14, H3K18 and H3K27 \[[@B21], [@B39]\]. Therefore, the effects of cisplatin and SAHA on acetylation of histone H3 in VAT-39 cells were evaluated by western blotting. SAHA increased acetylation of H3K9, H3K14, H3K18, and H3K27 dose-dependently, but cisplatin had no such effects ([Fig. 2](#F2){ref-type="fig"}A, B). These results show that a low concentration of SAHA (1--2 μM) was sufficient to induce histone H3 hyperacetylation. Based on these results, the combination dose of 5 μM cisplatin and 2 μM SAHA was used for further experiments.

Cisplatin and SAHA synergistically increase apoptotic cell death in VAT-39 cells
--------------------------------------------------------------------------------

To analyze cell death, flow cytometry was performed to detect apoptotic and necrotic cells ([Fig. 3](#F3){ref-type="fig"}A). Compared to control cells, the number of apoptotic cells was 2.2 times higher in cisplatin-treated cells, and 3.3 times higher in cells treated with cisplatin and SAHA in combination. There were no differences in the number of necrotic cells in all groups ([Fig. 3](#F3){ref-type="fig"}B). Immunohistochemistry showed significantly increased cleaved caspase-3 expression in cisplatin and SAHA-treated cells ([Fig. 4](#F4){ref-type="fig"}A), with a 12 times increase in cleaved caspase-3-positive cells compared to that in control cells ([Fig. 4](#F4){ref-type="fig"}B). Western blotting confirmed these findings, including an increased cleaved caspase-3 level in cisplatin and SAHA-treated cells ([Fig. 4](#F4){ref-type="fig"}C). Apoptosis was confirmed in a TUNEL assay ([Fig. 4](#F4){ref-type="fig"}D). The number of TUNEL-positive cells was increased by cisplatin or SAHA alone compared to controls, but there was a marked increase in the number of TUNEL-positive cells in combination treatment with cisplatin and SAHA. These findings suggest that cisplatin and SAHA synergistically induce apoptosis in VAT-39 cells.

Cisplatin in combination with SAHA decreases Bcl-2 expression in VAT-39 cells
-----------------------------------------------------------------------------

To investigate the mechanism of the induced apoptotic pathway, Bax and Bcl-2 expression was examined in cisplatin and SAHA-treated VAT-39 cells. A significant decrease in Bcl-2 expression was found in cells treated with the combination of cisplatin and SAHA ([Fig. 5](#F5){ref-type="fig"}A), whereas Bax expression was unchanged in all groups. Densitometry showed that the Bax/Bcl-2 ratio was increased by 3 times in cells treated with cisplatin and SAHA in combination compared to control cells ([Fig. 5](#F5){ref-type="fig"}B). These findings show that cisplatin and SAHA induce apoptosis through the mitochondrial pathway.

Cisplatin in combination with SAHA inhibits AFP production in VAT-39 cells
--------------------------------------------------------------------------

AFP production is the main characteristic of HAC cells. Therefore, AFP expression was examined in VAT-39 cells after cisplatin and SAHA treatment. In control cells, strong expression of AFP was observed in the perinuclear area, which indicates AFP production ([Fig. 6](#F6){ref-type="fig"}A). Decreased AFP expression was seen in cells treated with cisplatin alone or SAHA alone, and most VAT-39 cells lost AFP production with combined treatment with cisplatin and SAHA. The amount of secreted AFP was measured in supernatants of culture media ([Fig. 6](#F6){ref-type="fig"}B). The AFP concentration decreased 3.3 times after combined treatment with cisplatin and SAHA. Culture medium without cells had an AFP level of 0 ng/ml (data not shown). Since the decrease in AFP production could be due to the decrease in cell number after cisplatin and SAHA treatment, western blotting analysis was performed to determine the relative amounts of AFP production in the groups ([Fig. 6](#F6){ref-type="fig"}C). Densitometry revealed a significant decrease in AFP expression in cisplatin and SAHA-treated cells ([Fig. 6](#F6){ref-type="fig"}D). Collectively, these results indicate that VAT-39 cells have partial loss of AFP production after combined treatment with cisplatin and SAHA.

IV. Discussion
==============

In this study, we found a synergistic anticancer effect of apoptosis induction in combined treatment with cisplatin and SAHA in HAC cells. AFP production, a major characteristic of HAC, was markedly decreased after the combination treatment. These results indicate that cisplatin in combination with SAHA may be effective for treatment of HAC, an aggressive cancer with a poor prognosis. Cisplatin combined with SAHA decreased VAT-39 cell viability more strongly than each drug alone, and this synergistic antiproliferative effect occurred in a dose-dependent manner.

SAHA is a pan-HDAC inhibitor that may open the chromatin structure and increase accessibility of cisplatin to DNA in cancer cells \[[@B32]\]. Hyper- and hypoacetylation of histones are generally correlated with gene transcription that regulates many cellular processes. Acetylation at histone H3K9, H3K14, H3K18 and H3K27 is specifically associated with transcriptional activation of genes involved in apoptosis \[[@B23], [@B37]\]. Our western blotting results revealed that SAHA induces these hyperacetylation events, and this may support induction of apoptosis by cisplatin. The well-characterized molecular mechanism of cisplatin action involves crosslinking of purine bases on the DNA duplex, leading to DNA damage, disruption of DNA repair mechanisms, and subsequent induction of apoptosis of cancer cells \[[@B11]\]. Synergistic effects were observed at low doses of both cisplatin (5 μM) and SAHA (2 μM). Cisplatin is effective at a high dose, but patients experience side effects that include drug resistance, allergic reactions, and functional alteration of the gastrointestinal and urinary tracts \[[@B3]\]. Therefore, our findings may be helpful for development of efficient anticancer therapy with minimal side effects.

Apoptotic cells, but not necrotic cells, significantly increased after combined treatment with cisplatin and SAHA. Similarly, other studies of cisplatin in combination with SAHA showed increased apoptosis in larynx cancer cells and osteosarcoma cells \[[@B14], [@B17]\]. Disruption of the balance between anti-apoptotic Bcl-2 and pro-apoptotic Bax leads to apoptosis \[[@B30]\], and therefore, the Bax/Bcl-2 ratio is an important indicator of apoptosis \[[@B16], [@B27]\]. In our findings, this ratio increased 3 times in VAT-39 cells treated with cisplatin and SAHA compared to control cells, suggesting that this treatment affects the mitochondrial apoptosis pathway in VAT-39 cells.

Expression and production of AFP in VAT-39 cells were significantly decreased after combined treatment with cisplatin and SAHA. AFP is a well-known marker of cancer with hepatoid differentiation, neovascularization and high proliferative activity \[[@B9]\]. A high metastasis rate, aggressive phenotype, and poor prognosis are also related to AFP production in cancer cells \[[@B15]\]. A recent study of 22 patients with HAC found that only 3 had a good prognosis, 8 responded partially, and 11 did not respond to cisplatin-based chemotherapy \[[@B29]\]. Thus, addition of SAHA to this chemotherapy may be effective.

The current study has the limitation of use of a single HAC cell line, but promising anticancer effects were obtained by combined treatment with cisplatin and SAHA. These drugs act synergistically to induce apoptosis of HAC cells, and the characteristic AFP production of these cells was markedly decreased after the combination treatment.
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![Effects of cisplatin and SAHA on VAT-39 cell proliferation. Cells were treated with (**A**) 2 μM cisplatin and 1 μM SAHA and (**B**) 5 μM cisplatin and 2 μM SAHA. After 48 h of treatment, cell viability was analyzed by MTT assay. (**C**) Immunohistochemical localization of H3S10 phosphorylation in cisplatin (5 μM) and SAHA (2 μM)-treated VAT-39 cells. Arrows indicate mitotic cells in the control group. (**D**) The number of H3S10-positive cells is shown in the bar graph. \**P* \< 0.05, \*\*\**P* \< 0.001. Data are shown as the mean ± SD of three independent experiments. Bar = 50 μm.](AHC18044f01){#F1}

![Effects of cisplatin and SAHA on acetylation of histone H3 in VAT-39 cells. Western blot analysis of H3K9ac, H3K14ac, H3K18ac, and H3K27ac in VAT-39 cells treated with (**A**) 2 μM cisplatin and 1 μM SAHA and (**B**) 5 μM cisplatin and 2 μM SAHA. Isolated proteins (10 μg) were subjected to SDS-PAGE. Bands corresponding to H3K9ac (17 kDa), H3K14ac (17 kDa), H3K18ac (17 kDa), H3K27 (17 kDa), and β-actin (42 kDa) are shown. Data were obtained in three independent experiments.](AHC18044f02){#F2}

![Effects of cisplatin and SAHA on cell death of VAT-39 cells. (**A**) Apoptosis and necrosis were analyzed by flow cytometry using annexin V-FITC and propidium iodide (PI). (**B**) Data were obtained from three independent experiments and results are shown in the bar graph. The annexin V-positive/PI-negative population are early apoptotic cells, and the annexin V-positive/PI-positive population are late apoptotic and/or necrotic cells. \**P* \< 0.05. Data are shown as the mean ± SD.](AHC18044f03){#F3}

![Effect of cisplatin and SAHA on induction of apoptotic cell death in VAT-39 cells. (**A**) Immunohistochemical localization of cleaved caspase-3 in 5 μM cisplatin and 2 μM SAHA-treated VAT-39 cells. (**B**) Counts of cleaved caspase-3-positive cells are shown in the bar graph. (**C**) Western blot analysis detected double bands of cleaved caspase-3 (17 kDa and 19 kDa). Isolated proteins (20 μg) were subjected to SDS-PAGE. β-actin (42 kDa) was used as a loading control. (**D**) Cell death was examined by TUNEL assay using the Mebstain apoptosis TUNEL kit. Arrows indicate TUNEL-positive cells among cisplatin and SAHA-treated cells. \*\*\**P* \< 0.001. Data are shown as the mean ± SD of three independent experiments. Bar = 50 μm.](AHC18044f04){#F4}

![Bcl-2 and Bax expression in VAT-39 cells. (**A**) Western blot analysis of Bcl-2 and Bax in 5 μM cisplatin- and 2 μM SAHA-treated VAT-39 cells. Isolated proteins (10 μg) were subjected to SDS-PAGE. Rabbit anti-Bcl-2 and mouse anti-Bax antibodies were incubated with the same membrane. (**B**) Protein bands were analyzed with densitometry, and the result is shown as the Bax/Bcl-2 ratio. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. Data are shown as the mean ± SD of three independent experiments.](AHC18044f05){#F5}

![Effects of cisplatin and SAHA on AFP expression in VAT-39 cells. (**A**) Immunohistochemical localization of AFP in 5 μM cisplatin and 2 μM SAHA-treated VAT-39 cells. (**B**) AFP concentration in culture medium. (**C**) Western blot analysis of AFP. (**D**) Densitometry analysis of AFP shown in a bar graph. Protein expression was normalized to β-actin (42 kDa). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. Data are shown as the mean ± SD of four independent experiments. Bar = 20 μm.](AHC18044f06){#F6}
